which can explain the relationship with aortic wall lesions. 6 Yet, the question whether aortic wall abnormalities are secondary to valve disease, aging, or systemic hypertension [7] [8] [9] or instead represent a malformation complex independent of these factors 6, 10 remains unanswered.
Because of the common embryogenesis of the aortic and pulmonary artery root, it has been suggested that the pulmonary artery wall may present changes similar to those found in the aorta. In a recent study 11 a high prevalence of degenerative changes of the pulmonary artery media has been identified in patients with BAV. It has been hypothesized that this would explain the alleged tendency of pulmonary autograft roots to dilate after the Ross procedure in patients with BAV. 12 However, a formal clinicopathologic study has not been undertaken. The goal of the present study is to correlate pathologic and clinical findings in patients with and without BAV undergoing the Ross procedure.
Patients and Methods
Between July 1994 and June 2000, 72 patients younger than 40 years of age underwent the Ross procedure at the University of Verona. The pulmonary autograft was inserted as a freehand subcoronary valve in 5 patients, an inclusion cylinder in 17, and a freestanding root in 50. On the basis of the preliminary observation showing that progressive root dilatation occurs in patients undergoing pulmonary autograft root replacement, 12 the study was carried out only in the latter. Seventeen (34%) of the patients undergoing aortic root replacement with the pulmonary autograft, 9 with BAV and 8 with tricuspid aortic valve (TAV), represent the population of the study. All patients had at least 1 year of follow-up available for analysis.
Comparison of demographic variables showed similar mean age and sex. All patients with BAV had pure aortic valve insufficiency as an indication for operation. Ascending aortic dilatation (4 cm or greater) was more common among patients with BAV, although not significantly. Other associated lesions were atrial septal defect, aneurysm of the membranous septum, and anomalous origin of the circumflex artery from the right coronary artery and bicuspid pulmonary valve, each in 1 patient. Only 2 patients had undergone prior operations, consisting of patch repair of ventricular septal defect and aortic valve resuspension in 1 and coarctation repair followed by open aortic valvotomy in the other (Table 1) . One patient with severe mental delay and critical aortic stenosis associated with hypoplastic left ventricular outflow tract and sinotubular junction presented with bicuspid pulmonary valve at intraoperative examination. The valve had been described as tricuspid and competent at preoperative echocardiographic investigation. Because of the need for extended aortic root replacement and in the absence of an available biologic conduit, a decision was made to use the pulmonary autograft nonetheless. Follow-up echocardiographic examination showed absent autograft valve regurgitation 2 years after the operation.
Tissue samples of the aortic valve, aortic root, and pulmonary artery root were gathered from each patient at the time of operation. Samples of the main pulmonary artery were obtained 2 cm proximal
The Journal of Thoracic and Cardiovascular Surgery • Volume 122, Number 1 75 to the sinotubular junction, where the wall was excised to host the coronary artery buttons. Samples of the aortic root were collected at the corresponding level. They were fixed in 10% buffered formalin solution. The tissue was processed for light microscopy, embedded in paraffin blocks, and sectioned out at 4-µm thickness from each specimen. Sections were stained with hematoxylin-eosin and elastictrichrome (modified elastic van Gieson). Each of the sections was evaluated histologically by 2 observers, 1 of them without any knowledge of the nature of the study. The histologic evaluation of the medial layer of the arterial wall was based on the presence of 4 variables: (1) fibrosis, (2) medionecrosis, (3) cystic medial necrosis (mucoid material accumulation), and (4) elastic fragmentation. Fibrosis was defined as an increase in the interstitial collagen. Medionecrosis was defined as focal loss of smooth muscle cell nuclei in the media. Cystic medial necrosis was defined as the accumulation of mucoid material or mucopolysaccharides in the presence of intact elastic lamellae and in the presence of fragmented elastic fibers. Elastic fragmentation was defined as focal fragmentation of elastic lamellae in the media of the aorta and pulmonary artery. Because of the limited patient population and the low prevalence of pathologic findings in the pulmonary artery specimens, no grading of the lesions was done.
Surgical technique consisted of freestanding aortic root replacement with routine buttressing of the inflow, outflow, and coronary button suture lines by using glutaraldehyde-fixed autologous pericardial strips as previously described. 13 The purpose of this technical modification was both to confer greater hemostatic properties and to stabilize the aortic anulus and sinotubular junction diameters. Analysis of operative variables revealed comparable duration of cardiopulmonary bypass and aortic crossclamp in the 2 groups. Associated procedures consisted of reductive aortoplasty in the 5 patients with ascending aortic dilatation and patch repair of atrial septal defect and of membranous septal aneurysm, each in 1 patient. There were no hospital deaths. Perioperative complications were recorded in 3 patients. Two patients with BAV had acute right-sided heart failure due to ischemia of the right coronary-dependent myocardium. Takedown and reimplantation of the right coronary artery button in 1 patient and bypass grafting of the right coronary artery in the other allowed for intraoperative resolution of myocardial ischemia. The following clinical course was uneventful. A third patient with TAV exhibited moderate autograft valve regurgitation postoperatively requiring autograft valve repair during the same admission. Duration of assisted mechanical ventilation and intensive care and hospital stay was comparable in the 2 groups (Table 2) .
Echocardiographic examination was carried out at 6 and 12 months and yearly thereafter. Autograft diameters were measured at 3 different levels by 2-dimensional echocardiography with the parasternal long-axis view, as previously described by Roman and colleagues. 14 In brief, the anulus was measured at the level of the autograft leaflet hinges, the sinus of Valsalva at the largest anteroposterior diameter or 2 cm above the anulus level when the diameter of the sinotubular junction became identical or greater than the sinus, and the sinotubular junction at the distal rim of the sinus of Valsalva or 4 cm above the anulus in case of loss of geometry as specified above. 
Results

Aortic Valve
All aortic valve specimens presented pathologic findings. Mucoid degeneration of the aortic valve was found in the majority (11/17, 65%) of patients and with similar distribution in the 2 patient groups. Fibrosis of the valve leaflets, often accompanied by calcification, was also common (10/17, 59%), either in isolated form (3 patients) or associated with mucoid degeneration (7 patients) ( Table 3) .
Aortic Root
All samples of aortic wall presented pathologic findings. Fibrosis was the most prevalent lesion (13/17, 76%), followed by cystic medionecrosis (7/17, 41%) and elastic fragmentation (4/17, 24%). The distribution of the histologic changes was comparable in the patients with BAV and TAV (Table 3) .
Pulmonary Artery Root
Contrary to aortic wall samples, the majority (12/17, 71%) of pulmonary artery specimens were free of any pathologic finding and thus described as normal. Fibrosis (2/17, 12%) and elastic fragmentation (2/17, 12%) were found in a minority of patients and with similar distribution between the 2 groups. Changes compatible with cystic medionecrosis were identified in only 1 patient with TAV (Table 3) . It is noteworthy that the patient with bicuspid pulmonary valve presented with normal pulmonary artery histologic findings.
Autograft Dilatation and Function
After an average follow-up of 26.5 ± 12.2 months, significantly longer in patients with BAV, autograft root dilatation (4.0 to 5.5 cm in diameter) was identified in 5 patients. Site of maximal root dilatation was the sinus of Valsalva in 3 patients and the sinotubular junction in 2. Prevalence of root dilatation in the study patients was greater than the estimate observed in the overall autograft root replacement patient population (5/17, 29% vs 9/50, 18%). Autograft root dilatation was equally distributed in patients with BAV and TAV (Table 3) . Of note, only 1 of 5 patients with autograft root dilatation had dilatation of the ascending aorta preoperatively. Analysis of autograft valve function showed absent to mild regurgitation in most (15/17, 88%) patients and moderate in 2 patients with dilatation of the sinotubular junction.
Comparison of autograft valve function revealed no difference between patient groups (Table 3) .
Correlation Between Changes in the Aorta and Pulmonary Artery
Of the 7 patients with cystic medionecrosis, elastic fragmentation, or both in the aortic root only 1 patient with TAV had similar changes in the pulmonary artery root. The remaining 6 had either normal histologic findings (5 patients) or mild fibrosis (1 patient) of the pulmonary artery. Thus, no correlation between degenerative changes in aorta and pulmonary artery could be established in the overall population or in the 2 patient groups.
Correlation Between Pulmonary Artery Histology and Autograft Dilatation
Only 1 of 5 patients with late autograft dilatation had cystic medionecrosis of the pulmonary artery. The remaining had either normal histologic findings (2 patients) or mild fibrosis (2 patients). No correlation between autograft dilatation and degenerative changes of the pulmonary artery root could be identified.
Discussion
BAV disease has been associated with pathologic conditions of the aorta for quite some time. wall medial layer in patients with BAVs. The ultimate origin of histologic lesions, whether due to a developmental error also responsible for the aortic valve malformation 6 or due to the effects of valve dysfunction, age, or hypertension, 7-9 remains a matter of speculation. Undoubtedly, cystic medial necrosis and elastic fragmentation represent nonspecific markers of degenerative aortic wall disease because these can be identified in young patients with Marfan syndrome as well as in aged normal subjects. Yet, the observation of degenerative changes in the aorta of patients with normally functioning bicuspid valves has lent some credence to the theory of a malformation complex. 2, 3, 10 Given the common embryogenesis of the aorta and pulmonary artery, it has been further hypothesized that similar histologic lesions could exist in the pulmonary artery media of patients with BAVs. 11 In an attempt to explain the tendency of pulmonary autograft roots to dilate after the Ross procedure, de Sa and associates 11 have defined the histologic structure of aorta and pulmonary artery in patients with BAVs and TAVs. Accordingly, a greater prevalence of degenerative changes of the media of the ascending aorta and of the main pulmonary artery has been found in patients with BAV disease. 11 The present study is at variance with previous observations made by de Sa and coworkers 11 because the vast majority of young patients undergoing aortic root replacement with the pulmonary autograft exhibit normal histologic structure of the pulmonary artery root. The low prevalence of pathologic findings in the pulmonary artery is similarly distributed in patients with BAVs and TAVs. Furthermore, no correlation has been found between late autograft root dilatation and BAV disease or pulmonary artery histologic lesions.
Our study differs from the work of de Sa and colleagues 11 for a number of reasons, which may account for the apparent discrepancy in findings. Although it is based on a greater number of observations (31 vs 17 patients), mean age in the study by de Sa and colleagues is older than in the present study. In fact, only 13 of 31 patients with a mean age of 27 years are included in the work by de Sa and colleagues versus 17 in the current one. This difference is relevant because it is evident from previous studies that degenerative changes in the media of the aorta and, possibly, pulmonary artery are to some extent a function of age. 9 In addition, the proportion of patients with aortic stenosis as an indication for valve replacement is larger in the series by de Sa and colleagues than in our own (23/31, 74% vs 3/17, 18%, P = .002). Although this is unlikely to have any bearing in terms of pulmonary artery histologic type in the absence of significant pulmonary hypertension, 11 it may explain the disparity in findings relative to aortic wall histologic characteristics. In fact, an association between hemodynamic changes, which are caused by aortic valve lesions, and macroscopic and microscopic lesions of the ascending aorta has long been established. 7, 8 Furthermore, site of tissue sampling differs significantly in the study of de Sa and colleagues and in the present one. Whereas samples of the aorta and pulmonary artery have been collected above the sinotubular junction (from the ascending aorta and main pulmonary artery) in the former study, specimens have been gathered below the sinotubular junction (aortic and pulmonary artery root) in the latter. Because aortic valve disease is often associated with ascending aortic dilatation, this may have led to overestimation of the prevalence of degenerative changes at the level of the aortic root in the 12, 15 findings in the present study may be more pertinent to the problem than the ones in the study of de Sa and colleagues. Last but most important, the current work represents the only direct clinicopathologic analysis performed on patients who have actually undergone the Ross procedure. Contrary to the study by de Sa and colleagues, the present series has the potential to establish the association between pathologic variables of the aorta and pulmonary artery and the observed presentation of autograft root dilatation. The prevalence of late aneurysm formation after the Ross procedure in the present series is somewhat higher than previously reported. 12 When calculated for the entire series of patients undergoing aortic root replacement with pulmonary autografts, however, it matches the estimate found by David and associates 12 (9/50, 18% in the present study vs 13/71, 18% in the one by David and associates). It is noteworthy that even the allegedly greater tendency of patients with BAV to experience autograft root dilatation 12 is not confirmed by the present study. Our preliminary findings are in line with recent observations by Elkins 16 on absence of correlation between aortic valve structure and late autograft dilatation in 350 patients. Similar to the report by David and colleagues, dilatation at the level of the sinus of Valsalva seems to cause limited autograft valve insufficiency. However, when dilatation of the sinotubular junction is predominant, valve regurgitation becomes relevant.
In the present study no correlation between BAV disease, degenerative changes of the pulmonary artery, and autograft root aneurysm has been identified. This suggests that factors other than pre-existing pathologic conditions of the pulmonary artery root must play a role in the appearance of autograft dilatation. Among these, degenerative lesions of the pulmonary artery media could conceivably occur after the autograft has been implanted as a consequence of its altered microvascular supply and of its exposure to the hemodynamic stress of the systemic circulation. This hypothesis is supported by previous observations showing that hypertension induces pathologic changes in the pulmonary artery media (cystic medionecrosis) identical to those caused in the aorta. 17, 18 In addition, variables relative to the operative technique may have an impact. Accordingly, strategies to manage associated ascending aortic dilatation, 19 to stabilize the aortic anulus and/or sinotubular junction, 19 and to support the pulmonary artery wall 20, 21 have gradually been introduced to reduce the prevalence of late aneurysm formation after root replacement. Although it seems evident that autograft dilatation is almost exclusively confined to the technique of freestanding aortic root replacement, 12, 22 uncertainty also exists regarding the long-term fate of native aortic root in which inclusion cylinders or freehand autografts are inserted. On this basis, the combination of aortic inclusion technique and fixation of both anulus and sinotubular junction has recently been proposed by David and coworkers. 12 Only the test of time will prove the validity of these technical modifications.
Limitations
The present study has notable limitations. Choice of subjects who have entered the study was nonrandom, thus possibly biased. The population is small and follow-up is short, thereby allowing preliminary rather than definitive conclusions on the issue. Nevertheless, the patient population is rather homogeneous in the 2 groups. In addition, the present study is the only available clinicopathologic study in patients undergoing pulmonary autograft root replacement. Last, definition of pulmonary autograft root dilatation of 4 cm or greater as root aneurysm may be arbitrary, because prior work has shown that sinus of Valsalva diameter can occasionally reach this dimension in normal individuals. 22 However, it must be considered that 4 cm represents the maximum sinus diameter plus 2 standard deviations. Furthermore, the latter measure has been previously used as cutoff value for identification of significant autograft root dilatation by David and associates. 11, 12 A choice has therefore been made to maintain this parameter to appropriately compare the present results.
In conclusion, prevalence of degenerative changes of the pulmonary artery root is negligible and similar in patients with BAV and TAV undergoing the Ross procedure. Late autograft root dilatation appears unrelated to BAV disease or pre-existing histologic lesions of the pulmonary artery.
